Abstract: Histamine Releasing Factor (HRF) also known as Translationally Controlled Tumor Protein (TCTP) is a ubiquitous, novel protein that has both intracellular and extracellular functions. The purpose of this review is to highlight the background history of the molecule, the clinical implications and focus on the extracellular functions. Specifically the cells and the cytokines that are produced when stimulated by HRF/TCTP will be delineated as well as the signal transduction pathway that HRF/TCTP elicits will be described. Originally it was thought that HRF/TCTP interacted with IgE. Subsequently, cells that do not bind IgE also respond to HRF/TCTP and the interaction with IgE was questioned. Now, very recently, HRF/TCTP or at least its mouse counterpart appears to interact with some, but not all IgE and IgG molecules. HRF/TCTP has been shown to activate multiple human cells including basophils, eosinophils, T cells and B cells. Many of the cells that are activated by HRF/TCTP participate in the allergic response, leading to the conclusion that the extracellular functions of HRF/TCTP could exacerbate the allergic, inflammatory response.
INTRODUCTION
Histamine Releasing Factor (HRF) was originally identified in the 1980s by Brawerman's group as a tumor protein (Translationally Controlled Tumor Protein, TCTP) in a mouse acidic tumor and in mouse erythroleukemia. However, no function for the protein was identified [1, 2] . We identified a histamine releasing activity that was found in late phase fluids from nasal lavages, bronchoalveolar lavage fluids (BAL) and skin blister fluids that directly induced histamine release from basophils isolated from a subpopulation of allergic donors (HRF-Responders [HRF/TCTP-R]) [3] . After purification and cloning, HRF was found to be identical to TCTP, which is also known as p23 [4] . This recombinant molecule was found to have the same properties as the originally described HRF/TCTP derived from nasal secretions, namely, an ability to induce histamine release from selected donors. This protein is ubiquitously expressed as an intracellular protein, and homologs of HRF/TCTP have been described in parasites including Plasmodium falciparum, Wucheria bancrofti, Brugiia malea and Schistosoma Mansinai, all of which possess mast cell/basophil histamine releasing activity [5] [6] [7] . Our group, as well as another group, has identified the interaction between HRF and elongation factor-1 , also known as eElongation factor 1B- [8, 9] . Thus, HRF/TCTP may have an intracellular role in interfering with the elongation step of protein synthesis.
by its N-terminus and the internal regions with the Fab region of immunoglobulins. All of these interactions were described with mouse HRF/TCTP and interacted on mouse mast cells.
Additionally, HRF/TCTP has been shown to inhibit cytokine production from stimulated primary T cells and the Jurkat T cell line at the level of gene transcription [19] . Thus, HRF/TCTP, in addition to functioning as a histamine releasing factor, can modulate secretion of cytokines from human basophils, eosinophils and T cells. Furthermore, Kang et al have identified this molecule as a B cell growth factor. They demonstrated that HRF/TCTP bound to B cells and induced cytokine production [20] . More recently, HRF/TCTP was shown to stimulate bronchial epithelial cells to produce IL-8 and GM-CSF [21] .
INTRACELLULAR FUNCTIONS OF HRF/TCTP
Although this review mainly focuses on the extracellular functions of HRF/TCTP, it is important to mention some of the broad spectrum of intracellular functions. HRF/TCTP is both transcriptionally and post-transcriptionally regulated by calcium [22] . It is also a tubulin binding protein and has been shown to transiently associate with microtubules during the cell cycle [23] . Also the vitamin D receptor, NEMO, the myeloid cell leukemia protein 1 (MCL1) and Bcl-XL have been demonstrated to interact with HRF/TCTP [24] [25] [26] [27] . Additionally high levels of HRF/TCTP have been associated with various cancers, such as prostate, breast and colon cancer [28] [29] [30] . Furthermore, the gene for HRF/TCTP was down regulated in tumor reversion and more specifically, the level was significantly reduced in a lung cancer cell line, A549, revertant cells [31] . The role of HRF/TCTP in tumor development may be associated with its anti-apototic activity [27, 32] . This is further supported by reports of HRF/TCTP antagonizing bax function and controlling the stability of the tumor suppressor p53 [33, 34] . In a very recent publication HRF/TCTP promoted p53 degredation and p53 directly repressed HRF/TCTP transcription [35] . Thus HRF/TCTP may be extremely relevant in cancer due to this report of a previously unrecognized regulatory circuit [35] . Moreover as previously mentioned, our lab and others have shown involvement of HRF/TCTP in the elongation step of protein synthesis [8, 9] . Thus intracellularly, HRF/TCTP has a wide range of functions. The extracellular function seems however, to focus on inflammation.
CLINICAL RELEVANCE OF HRF/TCTP
The importance of the association of HRF/TCTP with human asthmatic, allergic disease has been previously documented in numerous publications. For instance, HRF/TCTP has been found in human respiratory secretions (BAL) and skin blister fluids [3] . Since only certain donor's basophils release histamine when exposed to HRF/TCTP, we undertook a study to define the responding population. Sixty-four ragweed allergic patients with a history of seasonal rhinitis and one or more positive skin tests were compared to 17 nonatopic controls who were skin test negative. Sensitivity to HRF/TCTP was restricted to the subpopulation of atopic individuals [36] . In a separate study of 55 ragweed allergic patients, there was a significant correlation between the intensity of symptoms in the late phase reaction and basophil histamine release to HRF/TCTP [37] . In studies from another group, peripheral blood mononuclear cells from patients with asthma spontaneously produced HRF/TCTP [38, 39] . The production of that HRF/TCTP correlated with bronchial hyperreactivity and the bronchial sensitivity to methacholine of the patient was correlated with the magnitude of HRF/TCTP production [40] . Sampson et al have shown that production of HRF/TCTP also is associated with clinical status of food allergy and atopic dermatitis [41] . Using blood from food allergic children with atopic dermatitis, they found that their basophils have a high spontaneous release of histamine and their cultured mononuclear cells spontaneously produce HRF/TCTP. When these children were placed on an avoidance diet, they improved clinically, their basophils no longer spontaneously secreted histamine, and their mononuclear cells no longer spontaneously produced HRF/TCTP. Two groups have reported the effects of immunotherapy on HRF/TCTP production. One group showed a striking correlation between the production of HRF/TCTP by mononuclear cells and the change in bronchial sensitivity to histamine (PC20), after two years of immunotherapy [42] . Brunet et al showed immunotherapy in allergic rhinitis patients without asthma, improved symptoms and also avoided the seasonal increase of spontaneous and antigen driven HRF/TCTP production from peripheral blood mononuclear cells [43] . Moreover, we have measured HRF in human BAL fluids of allergics following antigen challenge. While HRF/TCTP increases over baseline after antigen challenge, it is not significant with the number of patients (n = 8) we have investigated (unpublished observations).
With the availability of recombinant material, we examined the lymphocytes of allergic and non-allergic patients for the generation of HRF/TCTP mRNA and protein. Twelve patients (four HRF/TCTP-R, four HRF/TCTP-Non Responder (NR) and four non-allergic) were recruited. Blood was drawn for serum IgE measurements and for basophil histamine release in response to recombinant HRF/TCTP and anti-IgE. In addition, peripheral blood mononuclear cells were cultured for HRF/TCTP production and processed for mRNA extraction and subsequent reversed transcribed polymerase chain reaction for HRF/TCTP mRNA. The geometric mean serum IgE levels were 356 ng ml -1 in the HRF/TCTP-R group versus 52 g ml -1 and 4.2 g ml -1 in the HRF/TCTP-NR and non-allergic subjects, respectively. Histamine release in response to the recombinant HRF/TCTP paralleled that of our native HRF/TCTP preparation in that only the four HRF/TCTP-R patients release histamine to this stimulus. The quantity of mRNA for HRF/TCTP, when compared to that for beta actin, the housekeeping gene, did not appear different among the groups. The bioactivity of the recombinant HRF/TCTP on lactic acid treated cells passively sensitized with an IgE containing serum from a HRF/TCTP-R, however, was greater in the allergic, HRF/TCTP-R patients than in the non-allergic subjects [44, 45] . Thus, it appears that all individual make mRNA for HRF/TCTP but atopic subjects more effectively translate it to protein.
Based on the above observations, we believe that HRF/TCTP may be an important element of the pathogenesis of asthmatic allergic diseases. Since HRF/TCTP is present in late phase reaction fluids in vivo, it may be contributing to mediator release that is found in the late response. Further understanding of the biology of HRF/TCTP may help explain the varying severities of asthmatic, allergic disease.
HRF/TCTP PRIMING RESPONSE
It has long been appreciated that human basophils are cells that are capable of being "primed" or having an enhanced functional response. Some of the molecules that are known to prime human basophils include IL-3, NGF, HRF/TCTP and the non-physiologic stimulus D 2 O [46, 47] . In general, these substances show a greater releasability (as evidenced by histamine or IL-4 secretion) when stimulating basophils from allergic or allergic, asthmatic subjects. Normally, they do not generally activate basophils from normal subjects. The exception to this is the HRF/TCTP-R basophils. Basophils from these subjects are directly activated by IL-3 and HRF/TCTP [4, 48] .
GENERATION OF AN INDUCIBLE HRF/TCTP TRANSGENIC MOUSE
Although HRF/TCTP has been extensively investigated for many years, most studies have been carried out in cultured cells and pathologic samples. Until recently, there has been no established animal model available to explore the function of HRF/TCTP. One group generated HRF/TCTP knockout mice by targeted gene disruption [49] . However, these HRF/TCTP knockout mice were embryonically lethal. Since HRF/TCTP is ubiquitous and highly conserved, our approach has been to create an inducible HRF/TCTP mouse model using the Tet On system. We wanted to target HRF/TCTP to the lungs, so we used the CC10 promoter that is expressed in Clara cells of the lung epithelium. We generated a transgenic TRE-HRF-EGFP mouse. Using this model, we see an enhanced asthmatic, allergic phenotype after OVA challenge [50] . This enhancement is seen in the C57BL/6 mouse, not the traditional "allergic" BALB/c mouse. The development of an inducible-transgenic HRF/TCTP animal model will yield insights into its underlying pathophysiologic characteristics and provide a tool to define the mechanism of this enhanced or primed phenotype.
The mechanism of HRF/TCTP's enhanced response yielding increases in IL-4, IgE and eosinophils after OVA challenge in our transgenic model is currently unknown. It is interesting to speculate that all of these events could be attributed to the action of HRF/TCTP on the basophil. This hypothesis is plausible considering the data on HRF/TCTP and the human basophil. We have shown that HRF/TCTP activates human basophils to produce IL-4 [13] . It is well accepted that IL-4 is important for B cell class switching and production of IgE. Furthermore, human basophils possess the -1 integrin that is important for firm adhesion of the basophil. The ligand for -1 integrin is vascular cell adhesion molecule (VCAM-1) that is upregulated by IL-4 and is important for the transendothelial migration of eosinophils and Th2 cells [46] . Therefore, basophils by producing IL-4 could explain the enhanced asthmatic, allergic phenotype we see after over production of HRF/TCTP in our OVA challenged model. However, this could only be possible if the mouse basophil acted in a similar manner as its human counter part. The existence of the mouse basophil dates back over two decades [51] . However, in the last several years, this cell has re-emerged as an important initiator in mouse Th2 inflammation [52, 53] .
It is well accepted that asthma is a multifactorial disease. Therefore, it is highly unlikely that one single cell such as the mouse basophil is totally responsible for HRF/TCTP's effect on asthmatic lung disease. Since we know HRF/TCTP activates eosinophils [17] and since we find increased eosinophils in the BAL fluid of the OVA challenged transgenic mouse [50] , it is logical to assess the role of this cell in the mechanisms of action of HRF/TCTP in vivo. It is well known that the activation, recruitment and proliferation of the T cell is associated with asthmatic lung disease [54] . Additionally, in the congenitally eosinophil-deficient PHIL mouse, there is a diminution of Th2 responses [55] . Furthermore, eosinophils also secrete IL-4 [56] and act as antigen-presenting cells yielding T cell activation after allergen provocation in the lung [54] . Therefore, HRF/TCTP may exert additional enhancing effects through the eosinophil. An antibody to IL-5 has been shown to suppress eosinophil recruitment following OVA challenge in WT and Fc R -/-mice [56] . Giving anti-IL-5 to our OVA challenged HRF/TCTP mice would determine HRF/TCTP's mechanism upon eosinophil recruitment. Alternatively crossbreeding our HRF/TCTP transgenic mice with the eosinophil knockout PHIL mouse could ablate all HRF/TCTP-induced enhancing effects or just affect eosinophils. As with all in vivo experimentation, one must be mindful of additional effects that could contribute to phenotype and mechanism in question. In the case of anti-IL-5 treatment, immunoglobulin controls could be monitored. In the case of crossbreeding with the PHIL mouse, WT controls could be monitored.
INTRACELLULAR SIGNALING BY HRF/TCTP
Another possible mechanism of action for HRF/TCTP may be IgE-dependent enhancement. Originally, HRF/TCTP was called the IgE-dependent HRF [4] . This designation resulted from the fact that HRF seemed to act as a secretagogue for human basophils from a subpopulation of allergic donors. Moreover, passive sensitization of serum containing IgE from these responding donors rendered nonresponsive donors' basophils responsive to HRF/TCTP [4] . Subsequent to that observation, HRF/TCTP was shown to activate other cells that do not possess the high affinity IgE receptor, Fc R1 [17, 19] . Additionally, we have published that HRF/TCTP has signal transduction events that are similar, but not identical, to signaling through Fc R1 [57] . With the availability of both the Fc R1 knockout mouse and the IgE knockout mouse [58, 59] , the question of whether HRF/TCTP is dependent on IgE can be definitively addressed. As previously mentioned, a manuscript has very recently been accepted that demonstrates mouse HRF/TCTP does bind to certain IgE and IgG molecules [18] .
In order to address the molecular mechanisms of HRF/TCTP-induced priming and secretion, we designed experiments to elucidate specific actions of HRF/TCTP on human basophils and to characterize the nature of intracellular signaling that follows stimulation with HRF/TCTP. Given the similarities in secretion kinetics following IgEmediated stimulation, we hypothesized there would be some signaling characteristics similar to those previously found for IgE-mediated release. However, due to the differential sensi-tivity to treatment with rotterlin between HRF/TCTP and anti-IgE [15] , we also expected differences in signaling. We used human basophils from two donor populations, HRF/TCTP-R and HRF/TCTP-NR. Consistent with the ability of HRF/TCTP to either induce secretion directly from HRF/TCTP-R basophils or prime HRF/TCTP-NR basophils, we have shown binding of HRF/TCTP by flow cytometry to both donor populations [57] . We have demonstrated HRF/TCTP induced activation of intracellular signal transduction events in basophils only from those donors who directly release histamine to HRF/TCTP, namely, HRF/TCTP-R. Specifically, we have been able to demonstrate increases in the arachodonic acid metabolite, LTC 4 , from basophils of HRF/TCTP-R donors stimulated with anti-IgE. Additionally, we have demonstrated LTC 4 release from basophils stimulated with HRF/TCTP [57] . One might predict that this might well be due to prolonged phosphorylation of MEK and ERK 1/2. Miura et al have demonstrated in human basophils isolated from leukopheresis packs that activation of ERK1/2 is linked to arachodonic acid metabolism but not to histamine or IL-4 release [60] . Phosphorylation of ERK1/2 is transient, peaks at 5 minutes and returns to baseline by 30 minutes. We have demonstrated that both MEK and ERK1/2 are phosphorylated by HRF/TCTP in basophils from HRF/TCTP-R donors but not from HRF/TCTP-NR donors [57] . Thus, the characteristics of the signaling responses were very similar to those observed for stimulation with antiIgE antibody or antigen with a couple of exceptions. Notably, there was no phosphorylation of Fc R1 , and there was absolutely no phosphorylation of any downstream signal transduction molecules in the HRF/TCTP-NR basophils.
HRF/TCTP RELEASABILITY AND EFFECTS ON SHIP1
The molecular basis for the releasability of the HRF/TCTP's basophils remained elusive until relatively recently. As previously mentioned, HRF/TCTP-R donors, who respond directly to HRF/TCTP, also release histamine to IL-3 and D 2 O [47, 48] . It has become accepted that the term, releasability (i.e. control of release of mediators from basophils in response to different stimuli) involves several biochemical events in addition to the surface density of IgE molecules. There have been reports of certain signaling molecule deficiencies in nonreleasing basophils [61, 62] .
While these deficiencies are documented, there is little variation of SHIP-1 in the general population [63] . To date, we are the first group to show the negative association of the phosphatase, SHIP-1, with histamine release to HRF/TCTP in hyperreleasing basophils [64] (See Fig. 1) . Variation of SHIP-1 levels is also documented in a subset of patients with chronic idiopathic urticaria. Levels of SHIP-1 are increased and anti-IgE-induced histamine release is reduced [65] . Thus, SHIP-1 levels appear to be altered in some human disease states.
A clue to the underlying mechanisms of increased releasability of basophils was demonstrated in a mouse knockout of SHIP-1 [66, 67] . Mast cells grown from the bone marrow (BMMC) of SHIP-1 knockout mice showed decreased hydrolysis of phosphatidyl-inositol (PI)-3,4,5,P 3 (PIP 3 ) [67] . SHIP-1 participates in the pathway in which the lipid phosphatidyl-inositol 4,5 bisphosphate (PI4,5,P 2 ) is phosphorylated by PI3 kinase to produce PIP 3 which can be acted upon to produce PI(3,4)bisphosphate (PI3,4P 2 ) [68, 69] . We have demonstrated that the compound, LY294002, which is an inhibitor of PI3 kinase, inhibits histamine release induced by HRF/TCTP in basophils from HRF/TCTP-R donors [64] . The activity of PI3 kinase is central to many basophil functions, and SHIP-1 acts to oppose the function of PI3 kinase by removing the 5'phosphatase from PIP 3 . SHIP-1 becomes an important regulator of these reactions. The mouse SHIP-1 knockout mast cells had an excess of PIP 3 that resulted in a sustained calcium signal that was critical for degranulation [70] . Additionally, PIP 3 recruits the serine tyrosine kinase, Akt, to the plasma membrane [71] . Akt is present in human basophils and is transiently phosphorylated after anti-IgE stimulation [72] . Moreover, Akt is phosphorylated by HRF/TCTP in HRF/TCTP-R donors but not in HRF/TCTP-NR donors [57] . Furthermore, we see prolonged Akt phosphorylation kinetics in HRF/TCTP-R [57] . This further supports the involvement of this pathway in HRF induced activation. Data from the SHIP-1 knockout mice and our own published data suggest that SHIP-1 may play a "gatekeeper role" in mouse and human basophils and mast cells. One would expect SHIP-1 to limit effector cell responsiveness in normal individuals, while a SHIP-1 deficiency would predispose an individual to excess inflammatory-mediator production and, hence, a hyperreleasable phenotype. Fig. (1) . SHIP1 is inversely correlated with the maximum histamine release to HRF/TCTP. Adapted from reference [65] .
In order to address this more directly, we altered SHIP-1 levels in human basophils. However, these studies have been limited by the fact that the basophil is an end stage nondividing cell and extremely difficult to transfect or transduce. Many attempts have been tried to transfect primary human basophils. These include lipid based reagents, lentivirus and nucleofection. Most failed either due to toxicity or very low transfection efficiency. Only nucleofection (Amaxa) gave a limited transfection efficiency that is useful only for single cell analysis [73] . There is one report that a TAT-fusion protein was used in transfecting human basophils [74] . We set out to determine a more efficient method of altering signal transduction pathways in human basophils.
To that end, we established a model of culturing human peripheral blood derived basophils from CD34+ cells that have the morphologic and functional characteristics of human basophils [75] . We utilized this model to alter SHIP-1 levels using siRNA technology and demonstrated a decrease in SHIP-1 levels that was associated with an increase in histamine release to HRF/TCTP. Using CD34+ peripheral derived basophils, it is possible to perform a more direct test of the hypothesis that SHIP-1 has a role in modulating basophil responsiveness, both to HRF/TCTP and IgE-mediated stimulation.
CONCLUSION
In summary, further defining the extracellular role of the mechanism of HRF/TCTP-induced priming in vivo using our HRF/TCTP inducible transgenic mouse and in vitro using both peripheral blood derived basophils and CD34+ peripheral derived cultured basophils could yield additional insight into HRF/TCTP's participation in the propagation of the Th2 asthmatic allergic response. The successful completion of these studies could lead to an inhibition of the function of this unique cytokine and its amelioration of its role in the allergic, asthmatic diathesis.
DISCLOSURE
Aquinox Pharmaceutical, Inc. Member of the Scientific Advisory Board.
